Abstract (ϩ)-Antimycin A 9 (AA 9 ) isolated from a cultured broth of Streptomyces sp. K01-0031 was synthesized via an asymmetric aldol reaction using Oppolzer's sultam as a chiral auxiliary.
The antimycin A (AA) family isolated from Streptomyces sp. possesses significant biological activities [1] , such as antifungal, insecticidal, and anticancer, as well as an inhibitory activity against ubiquinol-cytochrome c oxidoreductase. Among the AA family, AA 3 is one of the most active agents and has been widely used in biological and biochemical studies. On the contrary, (ϩ)-AA 9 ( Figure  1 ) recently isolated from a cultured broth of Streptomyces sp. K01-0031 together AA 3a , AA 3b , AA 4 , and AA 7 by Kitasato's groups showed more potent nematocidal and insecticidal activities against Caenorhaditis elegans and Artemia salina than other known antimycins [1b] . Thus, involving the discovery of new compounds, investigation of the AA family is still continued because of their characteristic biological activities. For precise biological and biochemical investigations, the supply of each pure component of the AA family seems to be very important. However, since the isolation of each pure component from a cultured broth is possible only with intensive effort [2] , the pure material of each component is not practically available for biological and biochemical studies. Therefore, the Antimycin A complex (mixture of AA family purchased from Sigma Co.) was used in most biological and biochemical studies.
Due to their outstanding bioactivities and unique structures, the antimycin family has attracted much interest from synthetic organic chemists [3] . Up to now three groups accomplished enantioselective total synthesis of AA 3b (previous name AA 3 ) [3bϳe] . However, the synthesis of other antimycins has not been performed and further effort directed to a practical and economical synthesis is still needed to supply sufficient amounts of pure antimycins for the biological investigations.
In the previous paper, we reported the synthesis of (ϩ)-AA 3a and (ϩ)-AA 3b using an asymmetric aza-Claisen rearrangement, although the overall yield was low [3c, d] . To develop a practical synthetic route of antimycins, we reconsidered the synthetic route and found that an asymmetric aldol reaction using Oppolzer's sultam as a chiral auxiliary was quite effective to construct the C-7 and C-8 asymmetric centers. Utilizing this methodology, we performed the first and efficient synthesis of (ϩ)-AA 9 , which is the first antimycin having an aromatic 8-acyl residue. The results are reported herein.
Sultam amide 2 reacted with aldehyde 3 under the modified [4] Oppolzer's conditions to give the desired aldol adduct 4 and its stereoisomer [5] in 82% yield (ratioϭ98/2) [6] . The best results were obtained with 1.5 equivalents of dibutylboron trifluoromethanesulfonate (n-Bu 2 BOTf), 2.0 equivalents of diisopropylethylamine (DIPEA), and 2.5 equivalents of 3. The pure 4 (Ͼ99% de) afforded by recrystallization (63% isolated yield) was converted to allyl ester 5 by heating at 150°C with allyl alcohol in the presence of titanium isopropoxide [Ti(O-iPr) 4 ] and molecular sieves 4 Å (MS 4A) (74%) [7] .
After protection of the hydroxy group by triisopropylsilyl (TIPS) group, the p-methoxyphenylmethyl (MPM) group was removed with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) to yield alcohol 7. Condensation of 7 with L-threonine derivative 8 [8] proceeded satisfactorily under Yamaguchi conditions to give 9 in 84% yield (2 steps) [9] . Removal of the TBS group with 6 M HCl followed by palladium(0)-catalyzed deprotection [Pd(PPh 3 ) 4 , PPh 3 , pyrrolidine] of the allyl ester provided the seco acid 10. Via conversion of 10 to the 2-pyridinethiol ester, lactonization was accomplished by heating at 80°C in toluene with copper(I) trifluoromethanesulfonate-benzene complex [(CuOTf) 2 ·PhH] under high dilution conditions to give dilactone 11 in 79% yield (4 steps from 9) [10] .
The TIPS group of lactone 11 was removed smoothly using hydrogen fluoride pyridine (HF·Py) at r.t. to provide alcohol 12 (98% yield), which was esterified with phenylacetic acid in the presence of N-(3-Dimethylaminopropyl)-NЈ-ethylcarbodiimide hydrochloride [watersoluble carbodiimide (WSC)] and 4-(N,N-dimethylamino)-pyridine (DMAP) in CH 2 Cl 2 to provide ester 13 in excellent yield (92%). The benzyloxycarbonyl (cbz) group of 13 was removed by hydrogenolysis (Pd-C in THF) to give an amine, which was successfully acylated with 14 (See the experimental section.), using WSC, 1-hydroxybenzotriazole hydrate (HOBt), and N-methylmorpholine (NMM) in DMF to give 15. Removal of the benzyl protecting group of 15 by hydrogenolysis with Pd-C in ethyl acetate led cleanly to the target molecule (ϩ)-antimycin A 9 (69% yield from 13), mp 151.0ϳ152.0°C, [a ] Thus, the asymmetric aldol reaction using Oppolzer's sultam provided a practical and economical synthetic route (15 steps, overall yield 24%) to (ϩ)-antimycin A 9 , which could be obtained in pure form on a 300 mg scale in this synthesis. Further synthetic studies of not only the AA family but also their analogs and investigation of their biological activities are now in progress.
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Scheme 1
Reagents and conditions: (a) (i) n-Bu 2 BOTf, DIPEA, CH 2 Cl 2 , 0.5 hours, Ϫ5°C; (ii) 3, 1 hour, Ϫ78°C, 82% (98/2); (iii) recryst.; (b) To a suspension of 2 (1.02 g, 3.25 mmol) in CH 2 Cl 2 (10 ml) were added dibutylboron trifulate (4.8 ml, 1 M in CH 2 Cl 2 , 4.8 mmol) and DIPEA (1.15 ml, 6.6 mmol) at Ϫ5°C. After stirring at Ϫ5°C for 0.5 hours and then cooling to Ϫ78°C, a solution of 3 (1.58 g, 8.13 mmol) in CH 2 Cl 2 (5 ml) was added dropwise to the mixture over 1 hour. The resulting mixture was treated with a phosphate buffer (pH 6.8) and saturated aqueous NH 4 Cl, and the mixture was extracted with CH 2 Cl 2 . The organic extracts were dried over MgSO 4 , filtered, and concentrated. The residue (5.22 g) was purified by silica gel column chromatography (toluene/AcOEt) to give the aldol adduct 4 (1.33 g, 82%) as colorless needles; mp 102.1ϳ103.2°C (hexane/EtOAc); [a ] 6.87 (2H, ddd, Jϭ9.5, 0.4, 4.8 Hz), 4.57 (1H, d, Jϭ11.5 Hz), 4.39 (1H, d, Jϭ11.3 Hz), 3.97 (1H, ddd, Jϭ6.4, 4.9, 1.9 Hz), 3.86 (1H, t, Jϭ6.3 Hz) 
(R)-Allyl-2-[(1R,2S)-1-hydroxy-2-(4-methoxybenzyloxy)-propyl]hexanoate (5)
To a suspension of 4 (202 mg, 0.4 mmol) and 4 Å MS (386 mg) in allyl alcohol (4 ml) was added Ti(i-Pro) 4 (300 m l, 1.2 mmol) at r.t., and the mixture was heated at 150°C for 48 hours. The resulting mixture was treated with saturated aqueous NH 4 Cl and then filtered through a pad of Celite. The filtrate was extracted with AcOEt, and the extracts were dried over MgSO 4 , filtered, and concentrated. The residue (302 mg) was purified by silica gel column chromatography (hexane/EtOAc) to give the allyl ester 5 (104 mg, 74%) as a colorless oil; [a ] 7, 159.2, 131.9, 130.2, 129.4, 118.5, 113.7, 74.7, 73.4, 70.0, 65.0, 55.2, 47.6, 29.5, 27.8, 22.6, 14.1, 13.9; MS (CI) 
(R)-Allyl-2-[(1R,2S)-2-(4-methoxybenzyloxy)-1-(triisopropylsilyloxy)propyl]hexanoate (6)
To a solution of 5 (66.8 mg, 0.19 mmol) in CH 2 Cl 2 (1 ml) were added DIPEA (100 m l, 0.57 mmol) and TIPSOTf (104 m l, 0.39 mmol) successively at 0°C. After stirring at r.t. for 4 hours, the reaction mixture was quenched with the addition of saturated aqueous NH 4 Cl, and the resulting mixture was extracted with ether. The extracts were dried over MgSO 4 , filtered, and concentrated. The residue (142 mg) was purified by silica gel column chromatography (hexane/AcOEt) to give the TIPS ether 6 (95.4 mg, 99%) as a colorless oil; [a ] Deprotection of 6 To a solution of 6 (2.01 g, 3.97 mmol) in CH 2 Cl 2 (40 ml) were added dist. water (2.2 ml) and DDQ (988 mg, 4.4 mmol) at r.t., and the mixture was stirred for 0.5 hours at same temperature. The reaction mixture was quenched with the addition of saturated aqueous NaHCO 3 , and the resulting mixture was extracted with CH 2 Cl 2 . The organic extracts were dried over MgSO 4 , filtered, and concentrated to give the crude deprotected alcohol of 7 (1.54 g).
Preparation of a Mixed Anhydride of 8
To a solution of 8 (2.91 g, 7.93 mmol) in THF (15 ml) were added NEt 3 (2.2 ml, 16 mmol), and 2,4,6-trichlorobenzoyl chloride (1.8 ml, 12 mmol) at 0°C. After stirring at r.t. for 1.5 hours, the resulting mixture was filtered and concentrated to give a mixed anhydride of 8. 
Benzyl-(3S,4R,7R,8R,9S)-7-butyl-4,9-dimethyl-2,6-dioxo-8-(triisopropylsilyloxy)-1,5-dioxonan-3-ylcarbamate (10)
Desilylation of 9 To a solution of 9 (125 mg, 0.17 mmol) in EtOH (1.5 ml) was added 6 M HCl (185 m l) at r.t., and the mixture was stirred for 24 hours. The reaction was quenched with the addition of saturated aqueous NaHCO 3 . The resulting mixture was extracted with ether, and the organic extracts were washed with brine, dried over MgSO 4 , filtered, and concentrated. The residue (119 mg) was purified by silica gel column chromatography (hexane/ether) to give a desilylated alcohol (105 mg, quant.) as a colorless oil; [a] 8, 128.4, 128.0, 127.9, 118.7, 75.9, 74.7, 67.7, 67.0, 65.3, 59.3, 50.4, 29.9, 29.0, 22.5, 19.6, 18.1, 15.3, 13.8, 12.9 
Preparation of Seco Acid 10
To a solution of the desilylated alcohol (81.2 mg, 0.13 mmol) in acetonitrile (1 ml) were added Pd(PPh 3 ) 4 (4.2 mg, 3.6 mmol), PPh 3 (1.8 mg, 6.7 mmol) and pyrrolidine (10 ml, 0.15 mmol) successively at 0°C. Since the alcohol still remained after stirring at r.t. for 3 hours (monitored by TLC), the same amount of the reagents were added to the mixture. After additional stirring for 4 hours, the resulting mixture was treated with 15% HCl aq. and NaCl. The resulting was extracted with CH 2 Cl 2 , and the organic extracts were dried over MgSO 4 , filtered, and concentrated. The residue (110 mg) was purified by silica gel column chromatography (hexane/acetone) to give the crude seco acid 10 (78.8 mg).
Conversion of 10 to Pyridinethiol Ester To a solution of the crude seco acid 10 in toluene (1 ml) were added PPh 3 (131 mg, 0.595 mmol) and PySSPy (156 mg, 0.6 mmol) at r.t., and the mixture was stirred for 3 hours. After concentration the residue was purified by silica gel column chromatography (hexane/acetone) to give the pyridinethiol ester (81.5 mg, 91%, 2 steps) as a pale yellow oil; [a ] 198.5, 170.4, 156.5, 151.1, 150.2, 137.2, 136.2, 130.1, 128.4, 128.1, 127.9, 123.6, 76.1, 74.6, 67.6, 67.0, 59.3, 59.1, 31.5, 29.6, 29.3, 27.6, 22.5, 19.8, 18.2, 15.4, 14.0, 13.0 567, 520, 419, 366, 311, 283, 245, 208, 155, 112 
Lactonization
To a warmed solution of (CuOTf) 2 ·C 6 H 6 (561 mg, 1.0 mmol) in toluene (1 liter) at 80°C was added dropwise a solution of the pyridinethiol ester (657 mg, 0.97 mmol) in toluene (20 ml) over 2 hours. The resulting mixture was stirred for 1 hour at same temperature and filtered through a pad of silica gel. The filtrate was concentrated, and the residue (913 mg) was purified by silica gel column chromatography (hexane/AcOEt) to give the 9-membered dilactone 11 (476 mg, 87%) as a colorless oil; [a] 4, 135.9, 128.4, 128.1, 127.9, 78.9, 76.8, 70.7, 67.1, 54.7, 53.2, 29.6, 29.0, 22.4, 18.5, 18.1, 14.7, 13.7; MS (CI) 
Benzyl-(3S,4R,7R,8R,9S)-7-butyl-8-hydroxy-4,9-dimethyl-2,6-dioxo-1,5-dioxonan-3-ylcarbamate (12)
To a solution of 11 (449 mg, 0.80 mmol) in THF (4 ml) was added HF·pyridine (4 ml) at r.t. After stirring at r.t. for 3 hours, the mixture was poured into saturated aqueous NaHCO 3 , and the resulting mixture was extracted with EtOAc. The oreganic extracts were dried over MgSO 4 , filtered, and concentrated. The residue (414 mg) was purified by silica gel column chromatography (hexane/ EtOAc) to give the alcohol 12 (320 mg, 98%) as colorless needles; mp 104.5ϳ105.0°C (hexane/EtOAc); [a] 1, 170.3, 155.6, 135.8, 128.5, 128.3, 128.0, 76.2, 70.8, 67.3, 54.9, 52.0, 29.4, 28.6, 22.5, 18.3, 14.9, 13.8; MS (CI) m/z 408 ([MϩH] ϩ ), 390, 364, 300, 263, 236, 208, 173, 91 6, 170.1, 170.0, 155.4, 135.9, 133.1, 129.1, 128.6, 128.5, 128.2, 128.0, 127.4, 75.9, 74.1, 70.9, 67.2, 54.7, 49.9, 41.4, 29.0, 27.8, 22.2, 17.5, 14.6, 13.7; MS (CI) 
2-(Benzyloxy)-3-methanamidobenzoic Acid (14)
2-Hydroxy-3-nitrobenzoic Acid to Benzyl 2-(Benzyloxy)-3-nitrobenzoate To a solution of 2-hydroxy-3-nitrobenzoic acid (5.16 g, 27. 3 mmol) in THF (43 ml) were added triphenylphosphine (21.2 g, 81.9 mmol) and benzyl alcohol (8.5 ml, 81.9 mmol) at r.t., and then a solution of diethyl azodicarboxylate (13 ml, 81.9 mmol) in THF (28 ml) was added dropwise to the mixture over 2 hours. The reaction mixture was quenched with the addition of saturated aqueous NaHCO 3 , and the resulting mixture was extracted with AcOEt. The organic extracts were dried over Na 2 SO 4 , filtered, and concentrated. The residue (52 g) was purified by silica gel column chromatography (hexane/EtOAc) to give the crude benzyl 2-(benzyloxy)-3-nitrobenzoate (10.3 g).
Benzyl 2-(Benzyloxy)-3-nitrobenzoate to Benzyl 3-Amino-2-(benzyloxy)benzoate A mixture of crude benzyl 2-(benzyloxy)-3-nitrobenzoate (5 g, ca. 13.8 mmol) and iron powder (4.6 g, 82.6 mmol) in 50% EtOH aq. (40 ml, 1/1, v/v) was heated at 100°C, and then conc. H 2 SO 4 in 50% EtOH aq. (287 m l/1.38 ml) was added. After refluxing for 2 hours, the resulting mixture was treated with saturated aqueous NaHCO 3 and then filtered through a pad of Celite. The filtrate was extracted with EtOAc, and the organic extracts were dried over Na 2 SO 4 , filtered, and concentrated to give the crude benzyl 3-amino-2-(benzyloxy)benzoate (4.38 g).
Benzyl 3-Amino-2-(benzyloxy)benzoate to 3-Amino-2-(benzyloxy)benzoic Acid To a solution of benzyl 3-amino-2-(benzyloxy)benzoate (2.4 g, ca. 7.2 mmol) in 50% EtOH aq. (30 ml, 1/1, v/v) were added 6 M NaOH (4.8 ml, 14.8 mmol) at 0°C. After stirring at r.t. for 20 hours, the mixture was diluted with H 2 O and EtOAc. The organic layer was extracted with 0.5 M NaOH and the combined aqueous layers were washed with ether. After acidifing with 2 M HCl, the acidic aqueous layer was extracted with AcOEt. The combined organic extracts were washed with a phosphate buffer (pH 6.8), dried over Na 2 SO 4 , filtered, and concentrated to give 3-amino-2-(benzyloxy)benzoic acid (1.74 g, 93%, 3 steps from 2-hydroxy-3-nitrobenzoic acid).
3-Amino-2-(benzyloxy)benzoic Acid to 14 To a solution of formic acid (235 ml, 6.15 mmol) in CH 2 Cl 2 (5 ml) was added N,NЈ-dicyclohexylcarbodiimide (1.3 g 6.15 mmol) at 0°C. After stirring at 0°C for 0.5 hours, a solution of 3-amino-2-(benzyloxy)benzoic acid (1.07 g 4.1 mmol) in CH 2 Cl 2 (20 ml) was added dropwise to the mixture over 20 minutes, and the mixture was stirred for 1 hour at r.t. The reaction mixture was filtered and the filtrate was concentrated. The residue was diluted with ether and extracted with aqueous NaHCO 3 . The combined aqueous layers were washed with ether and acidified with 6 M HCl. The acidic aqueous layer was extracted with EtOAc, and the organic extracts were dried over Na 2 SO 4 8.51, 8.35, 8.32, 7.61ϳ7.12 (total integr. 9H, br d, Jϭ10.6 Hz, d, Jϭ1.0 Hz, dd, Jϭ8.0, 1.6 Hz, m) A mixture of 13 (424 mg, 0.81 mmol) and Pd/C (catalytic amount) in THF (2.5 ml) was stirred under H 2 atmosphere for 2 hours in the dark. The mixture was filtered through a pad of Celite, and the filtrate was concentrated. To a solution of the residual oil in DMF (2.5 ml) were added 3-formamidesalicylic acid derivative 14 (395 mg, 1.5 mmol), WSC (239 mg, 1.3 mmol), HOBt (223 mg, 1.5 mmol), and NMM (625 ml, 5.7 mmol) successively at r.t. After stirring for 24 hours, the reaction mixture was quenched with the addition of saturated aqueous NaHCO 3 , and the resulting mixture was extracted with EtOAc. 
